Tissue homeostasis and remodeling are processes that involve high turnover of biological macromolecules. Many of the waste molecules that are by-products or degradation intermediates of biological macromolecule turnover enter the circulation and are subsequently cleared by liver sinusoidal endothelial cells (LSEC). Besides the mannose receptor, stabilin-1 and stabilin-2 are the major scavenger receptors expressed by LSEC. To more clearly elucidate the functions of stabilin-1 and -2, we have generated mice lacking stabilin-1, stabilin-2, or both stabilin-1 and -2 (Stab1 -/-Stab2 -/-mice). Mice lacking either stabilin-1 or stabilin-2 were phenotypically normal; however, Stab1 -/-Stab2 -/-mice exhibited premature mortality and developed severe glomerular fibrosis, while the liver showed only mild perisinusoidal fibrosis without dysfunction. Upon kidney transplantation into WT mice, progression of glomerular fibrosis was halted, indicating the presence of profibrotic factors in the circulation of Stab1 -/-Stab2 -/-mice. While plasma levels of known profibrotic cytokines were unaltered, clearance of the TGF-b family member growth differentiation factor 15 (GDF-15) was markedly impaired in Stab1 -/-Stab2 -/-mice but not in either Stab1 -/-or Stab2 -/-mice, indicating that it is a common ligand of both stabilin-1 and stabilin-2. These data lead us to conclude that stabilin-1 and -2 together guarantee proper hepatic clearance of potentially noxious agents in the blood and maintain tissue homeostasis not only in the liver but also distant organs.
Introduction
Tissue homeostasis and remodeling are accompanied by high turnover of all categories of biological macromolecules including proteins, proteoglycans, and polysaccharides as well as nucleic acids and lipids (1) . During these processes, waste molecules are generated either as by-products of synthesis or as intermediates of degradation that accumulate locally and may spill over into the circulation. For the major constituents of the extracellular matrix, such as collagens or glycosaminoglycans, the degradation products may amount to several grams generated daily in the human organism, indicating the need for efficient removal and reusage. Similar considerations apply to aged plasma proteins such as coagulation factors or immunoglobulins. Surprisingly, nothing is known about the clearance of regulatory molecules such as hormones, growth factors, and other cytokines that circulate in the blood under physiological or pathological conditions such as pregnancy, inflammation, wound healing, or tumor growth. The first-line local degradation system for waste molecules comprises resident or immigrant tissue macrophages and the regional lymph nodes. Waste molecules that have entered the circulation are preferentially cleared by a specialized scavenger endothelial cell system, i.e., liver sinusoidal endothelial cells (LSEC) , that has been highly conserved during evolution (2) .
To fulfill their clearance functions, LSECs express 3 major types of scavenger receptors: (a) the macrophage mannose receptor binding denatured collagen (3) and collagen peptides preventing gelatin formation in the circulation, tissue plasminogen activator regulating fibrinolytic activity, and lysosomal enzymes that are recruited for further use in LSEC (4); (b) the Fcγ receptors FcγRII in the human system (5) and FcγRIIB2 in the rat (6, 7) ; and (c) the major LSEC hyaluronan (HA) scavenger receptor. Upon identification and cloning of the stabilin family of fasciclin-like HA receptor homologs by our group (8) , the identity of the LSEC HA scavenger receptor was established as stabilin-2 on the basis of HA affinity purification and sequencing (9) . Stabilin-1 was first identified as MS-1 high-molecular weight antigen expressed by sinusoidal endothelial cells in human liver, spleen, and lymph nodes as well as by resident tissue macrophages (10, 11) . Stabilin-1 and stabilin-2 are multidomain type 1 transmembrane receptors that exhibit an identity of 55% on the protein level but show no DNA homology; the homology between man and mouse is 86% for stabilin-1 and 79% for stabilin-2 and documents the high evolutionary conservation of these 2 proteins. Both stabilin-1 and stabilin-2 com-prise clusters of EGF-like (cell/matrix interactions) and fasciclin domains (protein/protein interactions) and 1 X-link domain (HA binding) in their extracellular parts.
While stabilin-2 avidly binds HA, stabilin-1 does not bind HA due to a nonfunctional X-link domain (12) . Despite high structural similarity, the spectrum of ligands differs considerably between stabilin-1 and stabilin-2. In addition to binding HA, stabilin-2 binds and mediates endocytosis of AGE-modified proteins and collagen N-terminal propeptides (12) . At present, it is a controversial issue whether stabilin-2 also binds and mediates internalization of heparin (13, 14) . In contrast, stabilin-1 binds and mediates endocytosis of acLDL, the angiogenic extracellular protein SPARC, and the hormone placental lactogen (PL), thereby regulating the extracellular concentration levels of these molecules (15) (16) (17) . For internalization of their ligands in LSEC, stabilin-1 and -2 use the constitutive clathrin-mediated endocytic pathway (12) ; clathrin-coated vesicles and stabilin-1/2 + early endosomes travel along microtubules organized in a very special net-like way linking the highly specialized morphology of LSEC to their endocytic function (18) . In addition to its role in endocytosis, stabilin-1 acts as an intracellular cargo carrier (19) (20) (21) and is involved in leukocyte trafficking (22) .
In order to further elucidate the functions of stabilin-1 and -2 in health and disease, we generated stabilin-1-deficient (Stab1 -/-) and stabilin-2-deficient (Stab2 -/-) mice. Surprisingly, Stab1 -/-as
Figure 1
Generation of Stab1 -/-, Stab2 -/-, and Stab1 -/-Stab2 -/-mice. (A) Representative liver sections of 3-month-old WT, Stab1 -/-(stab-1), Stab2 -/-(stab-2), and Stab1 -/-Stab2 -/-(stab-dko) mice of C57BL/6 genetic background were stained by immunohistochemistry with antibodies against stabilin-1 (upper row) and stabilin-2 (lower row). WT sections show sinusoidal distribution of both stabilins. No stabilin-1 was detected in Stab1 -/-, no stabilin-2 was detected in Stab2 -/-, and neither of the stabilins were expressed in Stab1 -/-Stab2 -/-animals. Original magnification, ×200. well as Stab2 -/-single-deficient mice did not show an obvious phenotype. As we could not exclude that redundant functions and common ligands of both stabilin-1 and stabilin-2 had hitherto eluded identification, we generated Stab1 -/-Stab2 -/-mice. Indeed, Stab1 -/-Stab2 -/-mice exhibited premature mortality and developed severe glomerular fibrosis and albuminuria accompanied by mild perisinusoidal hepatic fibrosis. Kidney transplantation experiments further confirmed the notion that glomerulofibrotic nephropathy was due to one or several circulating factor(s) present in Stab1 -/-Stab2 -/-mice. While HA serum levels were highly elevated in Stab2 -/-single-deficient mice as well as in Stab1 -/-Stab2 -/-mice, but not Stab1 -/-single-deficient mice, growth differentiation factor 15 (GDF-15), a distant TGF-β family member, was identified here as a common endocytic ligand of both stabilin-1 and stabilin-2 whose clearance was substantially impaired in Stab1 -/-Stab2 -/-mice. Figure 1A) ; expression of stabilin-1 or of stabilin-2 in the liver sinusoids was not influenced by deficiency of stabilin-2 or stabilin-1, respectively. In order to test the cellular integrity of LSECs within the liver sinusoids of the various KO mice, LSEC marker proteins such as FcγRIIB2/CD32b (7) and LYVE-1 (23) were analyzed by immunohistochemistry as well as immunofluorescent analysis and confocal microscopy. None of the independent LSEC markers displayed gross differences when Stab1 -/-Stab2 -/-mice were compared with Stab1 -/-or Stab2 -/-or WT control animals (data not shown).
Results

Premature mortality of
In contrast to the single-deficient strains, both Balb/c Stab1 -/-Stab2 -/-(litter size: 1-3) and C57BL/6 Stab1 -/-Stab2 -/-(litter size: 2-3) did not reach offspring rates of WT control animals (litter size: [8] [9] [10] Figure 1 , B and C). The differences in overall survival rates were highly statistically significant when Stab1 -/-Stab2 -/-and single- deficient mice as well as WT controls were compared; in contrast, when Stab1 -/-and Stab2 -/-mice were compared with WT control animals, no statistically significant differences in survival rates were found irrespective of the genetic background (C57BL/6 or Balb/c) (detailed analysis summarized in Supplemental Table 1 ). Balb/c Stab1 -/-Stab2 -/-mice sacrificed at an age of approximately the mean survival time (269 days) had developed incipient to overt dilated cardiomyopathy with or without heart failure and pulmonary congestion that might be the cause of premature mortality, while C57BL/6 Stab1 -/-Stab2 -/-mice sacrificed at an age of approximately the mean survival time (415 days) did not show signs of cardiac disease, indicating genetic variability between inbred strains.
Stab1 -/-Stab2 -/-mice develop perisinusoidal liver fibrosis without gross liver dysfunction. Although no gross abnormalities in liver structure or weight were noticed at first glance in any of the mouse strains, a detailed histological analysis of liver specimens was performed including H&E, Sirius red, and silver staining. Whereas no differences were detected by H&E and silver staining (not shown), Sirius red staining demonstrated a considerable increase in perisinusoidal collagen fibers in Stab1 -/-Stab2 -/-mice; Stab1 -/-mice showed a minor increase in Sirius red-positive fibers, while Stab2 -/-mice did not differ from control animals ( Figure 2A ). Sirius red-positive collagen fibers were first observed in 10-week-old Stab1 -/-Stab2 -/-mice and increased in number with age independent of the genetic background (C57BL/6 or Balb/c). Electron microscopy confirmed the development of large collagen fibers located directly beneath the abluminal side of the sinusoidal endothelial cell layer ( Figure 2B ).
To analyze whether the perisinusoidal liver fibrosis observed in Stab1 -/-Stab2 -/-mice correlated with liver dysfunction, a detailed laboratory analysis was performed. Plasma samples of age-matched groups of the various KO and WT strains were analyzed for cholinesterase, alanine aminotransferase (ALT), aspartate aminotransfer- ase (AST), and glutamate dehydrogenase (GLDH) enzyme activity. While cholinesterase as a marker for liver synthetic function (Supplemental Table 2 ) and the liver transaminases (AST, ALT) as indicators for acute or chronic liver disease were always within normal range in all groups ( Figure 2C ), the plasma levels of GLDH increased in most, but not all, Stab1 -/-Stab2 -/-animals at 18 months of age ( Figure 2D ). GLDH is a mitochondrial enzyme that indicates tissue necrosis when detected in the peripheral blood; however, GLDH elevation is not specific for liver necrosis.
Stab1 -/-Stab2 -/-mice develop severe glomerular fibrosis and macroalbuminuria. As the observed perisinusoidal fibrotic liver phenotype in Stab1 -/-Stab2 -/-mice was special, but rather mild, a systematic survey for fibrotic and other histopathological changes was performed in kidney, heart, lung, brain, spleen, muscle, and bone using 5-week-old and 3-month-old Stab1 -/-, Stab2 -/-, Stab1 -/-Stab2 -/-, and WT animals. Except for the kidney, no major histopathologic abnormalities were detected at these early time points. Upon H&E staining, the renal glomeruli in Stab1 -/-Stab2 -/-mice, but not in Stab1 -/-, Stab2 -/-, and WT mice increasingly enlarged over the 18 months of observation. Sirius red staining showed extensive collagen deposits and glomerular fibrosis in the kidneys of Stab1 -/-Stab2 -/-mice, whereas Stab1 -/-and Stab2 -/-mice displayed a WT phenotype, even at 3 months of age ( Figure 3B ). PAS staining showed massive deposits of extracellular matrix and basement membrane material ( Figure 3A ), while amyloid was not detected by Kongo red staining (data not shown). Electron microscopy confirmed the development of large deposits of amorphous material and of collagen fibers in the mesangium of Stab1 -/-Stab2 -/-glomeruli ( Figure 3C ).
To determine whether kidney function was affected by the glomerulopathy observed in Stab1 -/-Stab2 -/-mice, the following kidney-related clinical chemistry parameters were investigated in plasma and urine: creatinine, albumin, urea, glucose, sodium, potassium, calcium, and phosphate. Most of the kidney values including plasma creatinine did not show significant differences in comparison to any of the KO strains or to WT controls (Supplemental Table 2 ). In the urine, already 3- and 6-month-old Stab1 -/-Stab2 -/-mice on Balb/c background showed highly elevated levels of albumin. While 3- and 6-month-old Stab1 -/-Stab2 -/-mice on C57BL/6 background showed only moderately elevated levels of albumin in the urine, very high albumin concentrations were measured in urine samples of 18-month-old Stab1 -/-Stab2 -/-animals ( Figure 3D ). In contrast, differences in plasma albumin concentration did not reach statistical significance (Supplemental Table 2 ). Thus, renal clearance function was not impaired by the glomerular fibrosis, but the progressive albuminuria suggested specific impairment of the glomerular filter function. Collagen III is expressed de novo in glomerular fibrosis and in perisinusoidal liver fibrosis in Stab1 -/-Stab2 -/-mice. In order to characterize the composition of the extracellular matrix deposited in perisinusoidal liver fibrosis and glomerular fibrosis in Stab1 -/-Stab2 -/-mice, an immunochemical analysis was performed on liver and kidney specimens using antibodies against collagen I, III, IV, V, and fibronectin. Stab1 -/-and Stab2 -/-mice did not show marked differences in extracellular matrix composition when compared with WT animals (not shown). In contrast, collagen III ( Figure 4B ) was expressed de novo in Stab1 -/-Stab2 -/-livers forming similar perisinusoidal fibers as already detected by Sirius red staining; collagen I ( Figure 4A ) and fibronectin ( Figure 4E ) expressed at basal levels in WT liver sinusoids showed a moderate increase in expression, but did not colocalize with the collagen III + , Sirius red + perisinusoidal fibers. Collagen IV ( Figure 4C ) and collagen V ( Figure 4D ) appeared to be unaffected in Stab1 -/-Stab2 -/-liver specimens. Similarly to the liver, de novo expression of collagen III ( Figure 4G ) as well as of collagen V ( Figure 4I ) was detected in the enlarged and fibrotic glomeruli of Stab1 -/-Stab2 -/-kidneys while collagen I was strongly increased ( Figure 4F ). Fibronectin expression ( Figure 4J ) was moderately increased in Stab1 -/-Stab2 -/-glomeruli, while no differences in expression were noticed for collagen IV ( Figure 4H ).
Progression to severe glomerular fibrosis is prevented by transplantation of kidneys from Stab1 -/-Stab2 -/-mice into WT animals. As stabilin-2 is not expressed in the kidney at all, while stabilin-1 expression in the kidney is restricted to rare connective tissue macrophages (Supplemental Figure 3 ), we reasoned that circulating rather than local factors might be responsible for the development of renal fibrosis. Therefore, kidneys from 7-week-old Stab1 -/-Stab2 -/-mice were transplanted orthotopically into 7-week-old WT recipients. At 15 weeks of age, the recipients were sacrificed and the transplanted donor kidneys were compared with 7- and 15-week-old Stab1 -/-Stab2 -/-kidneys. Glomerular fibrosis in the transplanted donor kidneys 7 weeks after transplantation (15 weeks of age) showed a tendency toward improvement as compared with 7-week-old Stab1 -/-Stab2 -/-kidneys that did not reach statistical significance upon quantification of the mesangial area (P = 0.0867). In contrast, glomerular fibrosis in nontransplanted kidneys of 15-week-old Stab1 -/-Stab2 -/-mice showed severe progression of fibrosis as compared with the transplanted donor kidneys 56 days after transplantation (15 weeks of age) that was statistically significant (P = 0.0282) ( Figure 5, A and B) . These findings indicate that glomerulofibrotic nephropathy is due to one or several circulating factor(s) present in the blood of Stab1 -/-Stab2 -/-mice.
Biomarkers of tissue fibrosis, but not known profibrotic cytokines, are elevated in the circulation of Stab1 -/-Stab2 -/-mice. Biomarkers of fibrotic processes such as fibronectin and N-terminal propeptides of collagen type I (P I NP) and type III (P III NP) correlated with glomerular fibrosis. P I NP levels dramatically increased with age in Stab1 -/-Stab2 -/-mice, but not single-deficient or WT animals ( Figure 5C ). P III NP levels were stably elevated in 3-, 6-, and 12-month-old Stab1 -/-Stab2 -/-animals ( Figure 5D ), while fibronectin levels were slightly elevated (Supplemental Figure 4A) . Altogether, increased plasma levels of biomarkers of fibrosis reflect the ongoing pathological processes in Stab1 -/-Stab2 -/-mice. As P I NP and P III NP are known ligands of stabilin-2, the increase in the circulation may also be due to decreased clearance of these molecules. Stab2 -/-mice, however, did not show significantly increased P I NP or P III NP plasma levels, indicating that their elevation in Stab1 -/-Stab2 -/-animals may be mainly due to glomerular fibrosis. To address the question of whether development of fibrosis in Stab1 -/-Stab2 -/-mice is related to any known profibrotic stimuli, we determined plasma levels of TGF-β1, IGF, PDGF A, PDGF B, CTGF (not shown), IGFBP-2, and SPARC in 3- and 12-month-old animals ( Figure 5 , E and F, and Supplemental Figure 4 , B-E). Whereas no differences were observed in Schematic presentation of the protein domain organization of stabilin-1 and stabilin-2 shows the fragments used in the yeast 2-hybrid screening (P9) and GST-pull down assays. Stabilin-1 F1-2, stabilin-1 F5-6, stabilin-1 F7, stabilin-1 P9, stabilin-1 cytoplasmic tail (C-term), and stabilin-2 F7 are indicated by bars. GST pull-down assay demonstrating that fasciclin domains of both stabilin-1 and stabilin-2 interact with in vitro-translated GDF-15. GDF-15 neither binds to GST alone (negative control) nor to the GST-fused cytoplasmic tail of stabilin-1. n = 3. (D) Quantification of stabilin-1-and stabilin-2-mediated uptake of Alexa Fluor 488-labeled GDF-15 using flow cytometry. n = 3. Data represent mean ± SEM for 3 independent experiments. (E) 5 μg of recombinant human GDF-15 was injected in the tail vein of WT, Stab1 -/-, Stab2, and Stab1 -/-Stab2 -/-mice of Balb/c genetic background, and plasma levels of hGDF-15 were measured after 5 hours (n = 16, n = 3, n = 3, n = 12, respectively). Increased levels of hGDF-15 were exclusively observed in Stab1 -/-Stab2 -/-samples indicating impaired clearance of GDF-15 only upon combined absence of both stabilin receptors. Data represent mean ± SEM. *P < 0.05; **P < 0.01. plasma levels of TGF-β1, PDGF-A and -B, CTGF and SPARC, minor changes were observed for IGF-1 and IGFBP2; however, these changes did not correlate with development of glomerular fibrosis.
Impaired hepatic blood clearance of HA in Stab2 -/-, but not Stab1 -/-mice. As Stabilin-2 is the dominant HA scavenger receptor of LSEC and as reduced clearance of HA might contribute to the development of the fibrotic tissue alterations observed in liver and kidney in Stab1 -/-Stab2 -/-mice, plasma HA levels were determined in the various KO and WT strains. In both Stab2 -/-and Stab1 -/-Stab2 -/-mouse plasma, HA levels were increased by more than 10-fold ( Figure 6A ) as compared with Stab1 -/-and WT mice (in case of 3-month-old WT, 810 ± 227 ng/ml, n = 5; Stab1 -/-, 361 ± 81 ng/ml, n = 5; Stab2 -/-, 8473 ± 1743 ng/ml, n = 5; Stab1 -/-Stab2 -/-, 10039 ± 360 ng/ml, n = 5). In parallel, urine HA concentrations were also elevated in Stab2 -/-and Stab1 -/-Stab2 -/-mice, but not Stab1 -/-mice ( Figure 6B ). These results clearly confirm the nonredundant function of stabilin-2 as the major HA clearance receptor of the body; as expected from molecular and biochemical data, stabilin-1 did not mediate HA clearance from the circulation under physiological conditions in vivo. These data further show that development of tissue fibrosis in Stab1 -/-Stab2 -/-mice does not correlate with elevation of plasma HA levels associated solely with stabilin-2 deficiency.
Impaired hepatic blood clearance of GDF-15 in Stab1 -/-Stab2 -/-mice. In order to identify common endocytic ligands of both stabilin-1 and stabilin-2 whose impaired clearance might be linked to the pathology observed in Stab1 -/-Stab2 -/-mice, yeast 2-hybrid screening was used. The stabilin-1 fragment P9 was used as a bait; it did not activate transcription and was expressed at a high level in yeast (20) . The P9 fragment contained 1 epidermal growth factor-like domain, the final fasciclin domain (F7), the transmembrane region, and the cytoplasmic tail of stabilin-1 ( Figure 6 ). Screening of a human placental cDNA library under conditions of highest stringency resulted in identification of GDF-15 as an interacting partner of stabilin-1. GST pull-down assays confirmed the direct interaction between GDF-15 and the P9 fragment of stabilin-1 and demonstrated that this interaction is mediated by the fasciclin domain 7 (F7), but not by the cytoplasmic tail of stabilin-1 (domain overview shown in Figure 6C ). Further testing of stabilin-1 fasciclin domains demonstrated that the interaction was not restricted to F7, indicating that it may be a general feature of the fasciclin domains of stabilin-1 to bind GDF-15. Due to the structural homology of the fasciclin domains, we reasoned that GDF-15 might also bind to the fasciclin domains of stabilin-2. Since the strongest binding of GDF-15 was observed with the F7 domain of stabilin-1, we selected the same domain of stabilin-2 for the GST pull-down assays and indeed demonstrated that stabilin-2-F7 interacts with GDF-15 ( Figure 6C ). In order to determine whether GDF-15 is a common endocytic ligand for both stabilins, we used a functional endocytosis assay that had been established by us previously (17, 21) . CHO cells stably transfected with expression constructs for stabilin-1, stabilin-2, and empty vector were exposed for 30 minutes to Alexa Fluor 488-labeled GDF-15 at a final concentration of 10 μg/ml. Flow cytometry quantification revealed a significantly increased uptake of Alexa Fluor 488-labeled GDF-15 by both stabilin-1- and stabilin-2-expressing cells ( Figure 6D ). Confocal microscopy analysis confirmed that the internalized ligand is transported into the endocytic pathway by both stabilins (Supplemental Figure 5 ). As these data indicated that GDF-15 is a common endocytic ligand for both stabilin-1 and stabilin-2, the question arose whether the clearance of GDF-15 is impaired in vivo in the absence of both stabilins.
Unfortunately, murine GDF-15 cannot be measured by ELISA due to lack of appropriate anti-murine GDF-15 antibodies. Instead, the clearance of recombinant human GDF-15 from the circulation was analyzed after injection into the tail vein of Stab1 -/-Stab2 -/-mice as well as of Stab1 -/-and Stab2 -/-mice and WT control animals; these experiments showed that the clearance of injected GDF-15 was significantly impaired only in Stab1 -/-Stab2 -/-mice ( Figure 6E ).
Discussion
In this study, we show that the simultaneous deficiency of the stabilin family of scavenger receptors comprising stabilin-1 and stabilin-2 results in multiple pathological effects that include mild perisinusoidal hepatic fibrosis, severe glomerulofibrotic nephropathy, and a significantly decreased life span. In more general terms, this is the first time, to our knowledge, that it has been demonstrated that the hepatic clearance function has in vivo relevance for the homeostasis of the whole organism and that an impaired hepatic clearance function can even lead to premature death.
Stabilin-1 and stabilin-2 constitute a unique family of fasciclin domain-containing scavenger receptors. Despite high structural similarity of their extracellular ligand-interacting domains, several in vitro studies indicate that stabilin-1 and -2 significantly differ in the repertoire of their endocytic ligands. Stabilin-2, for example, but not stabilin-1, is able to bind and internalize HA, AGE-modified proteins, and collagen N-terminal propeptides (12) . In line with these findings, significantly increased HA levels in the circulation of stabilin-2-deficient mice demonstrated that a biochemically identified stabilin-2 endocytic ligand was indeed cleared by the receptor in vivo. In parallel, the normal HA levels in Stab1 -/-mice corresponded well to the absence of any interaction of stabilin-1 with HA in all in vitro systems tested (12, 24) and confirmed that HA binding by stabilin-2 is a nonredundant function that cannot be compensated for in vivo by any other scavenger receptor.
In contrast, neither Stab1 -/-nor Stab2 -/-single-deficient mice revealed any detectable pathological phenotype, suggesting that the decisive functions of the stabilins may be redundant, as has been suggested for other types of scavenger receptors (25, 26) . In line with this notion, mice deficient for both stabilin-1 and stabilin-2 demonstrated an obvious and complex pathological phenotype. The life span of the double-deficient mice was significantly reduced. Both stabilin-1 and stabilin-2 are strongly coexpressed in LSECs that represent the major clearance machinery of the body for macromolecular waste molecules. Deficiency of both stabilins resulted in perisinusoidal hepatic fibrosis, posing the interesting question of whether locally produced or circulating factors or a combination of both result in local hepatic tissue injury when not correctly cleared by LSECs. With respect to this question, it was important to note that stabilin-1/2 double deficiency caused the most severe pathology in an organ distant to the liver, i.e., the kidney, showing severe glomerular fibrosis with massive mesangial deposition of collagens and of fibronectin that was accompanied by pronounced albuminuria. Expression of the stabilins in kidney is limited to single stabilin-1 + macrophages, and there are no double stabilin-1 + /stabilin-2 + cells in this tissue. Thus, glomerular fibrosis may not be due to local deficiency in stabilin-1/2 function, but may rather be caused by (a) circulating factor or factors that evade clearance in the liver in Stab1 -/-Stab2 -/-mice. This conclusion was further confirmed by kidney transplantation experiments showing that Stab1 -/-Stab2 -/-kidneys are prevented from further progression to severe glomerular fibrosis upon transplantation into WT recipients.
In search for such a circulating profibrotic factor, several candidate molecules that have been reported to cause glomerulosclerosis have to be considered. TGF-β1 has been described as inducing massive glomerulosclerosis and renal failure when overexpressed transgenically in hepatocytes accompanied by mild hepatic fibrosis and myocarditis resembling the findings in our double-deficient mice (27) . TGF-β1 acts by directly inducing mesangial matrix production and decreasing matrix remodeling as well as by inducing local TGF-β overproduction (28) . PDGF-B is another cytokine that may cause glomerulosclerosis, albeit rather by stimulating mesangial cell proliferation than matrix deposition (29) . Beyond the direct actions of cytokines mediating glomerulosclerosis that besides TGF-β1 and PDGF-B also comprise IGF-1, CTGF, and IGFBP2, extracellular matrix-derived factors may modulate induction and progression of glomerular fibrosis. The matricellular protein SPARC, for example, which has also been shown to be a ligand of stabilin-1 (17) , is increased locally in the glomeruli during fibrotic processes and modulates TGF-β1 and IGF-1 activities (30) . While TGF-β1 and SPARC participate in a positive-feedback loop that is especially prominent in mesangial cells (31) , SPARC rather downmodulates IGF-1 expression and signaling (32) . For these reasons, these known profibrotic cytokines, including TGF-β1, IGF-1, CTGF, PDGF-A and -B, and IGFBP2 as well as the matricellular protein SPARC, were tested in the plasma of Stab1 -/-, Stab2 -/-double-deficient mice; however, their levels remained unaltered as compared with WT animals.
As a consequence, we attempted to identify unknown common endocytic ligands of both stabilin-1 and -2 whose clearance is only impaired in double-deficient mice and could thus contribute to the pathologies seen in double- but not single-deficient mice. By using yeast 2-hybrid screening, in vitro protein-protein GST pull-down interaction assays and functional endocytosis assays in stably transfected CHO cells, a common endocytic ligand of stabilin-1 and -2, i.e., GDF-15, was identified. GDF-15, first described as macrophage inhibitory cytokine 1 (MIC-1) (33), is a distant member of the TGF-β superfamily. Accumulating evidence indicates an association of GDF-15 with liver injury (34) and different malignancies including prostate, ovarian, and colorectal cancers (35, 36) . More importantly, elevated plasma levels of GDF-15 are predictive of a high risk for mortality in human cardiovascular disease (37) (38) (39) . Regarding the kidney, elevated levels of GDF-15 are associated with deterioration of kidney function as well as with overall and cardiovascular mortality in type 1 diabetic patients with nephropathy (40) . In addition, there are several clues that GDF-15 may also be associated with fibrotic processes. In ethanol-induced liver injury, centrilobular expression of GDF-15 correlates with fibrosis and fatty change (34) . In EP4-KO mice, increased levels of GDF-15 correlate with heart fibrosis and dilated cardiomyopathy (41) . Thus, elevated levels of GDF-15 might parallel the pathological changes observed in Stab1 -/-Stab2 -/-mice. Since no reagents are available for the identification of mouse GDF-15 in the circulation, recombinant human GDF-15 was injected into the tail veins of Stab1 -/-Stab2 -/-mice, and the plasma levels of human GDF-15 were measured using a commercially available ELISA. Indeed, only double deficiency for both stabilins and not loss of either stabilin-1 or stabilin-2 alone resulted in impaired clearance of circulating human GDF-15. Nonetheless, GDF-15 is most likely not the decisive single factor causing glomerular damage in the double-deficient mice, as patients with thalassemia display more than 100-fold increased plasma levels of GDF-15 and do not show signs of renal damage (42) . Identification and clearance of GDF-15 rather provide proof of principle for the further notion that there may be other ligands with a similar profile that are endocytosed by both stabilins (e.g., by binding to the homologous fasciclin domains) and that consequently only accumulate in the plasma of double-deficient mice. Identification of a single factor causing glomerulofibrotic nephropathy in Stab1 -/-Stab2 -/-mice may well be impossible, as only the interaction of several factors or their sequential actions might ultimately cause the disease.
Interestingly, the phenotype observed in Stab1 -/-Stab2 -/-mice resembles a rare human disease of unknown etiology, collagenofibrotic glomerulopathy (reviewed in ref. 43) , characterized by massive glomerular deposition of type III collagen and proteinuria that may take a slowly progressive course toward end-stage renal failure in a subset of patients. Remarkably, matrix deposits are restricted to the glomeruli and may also contain collagen V and fibronectin that are produced by activated mesangial cells (44, 45) ; even more remarkably, collagenofibrotic glomerulopathy is viewed as a systemic disease with more widespread tissue fibrosis including the liver (46) . The disease is extremely rare, and due to the fact that most patients described to date have been from Japan, a geographic, racial, or genetic preponderance may be assumed. In contrast to glomerulopathy with fibronectin deposits (47) or familial nephropathy with multiple exostoses (48), however, the pathological, molecular, and genetic mechanisms underlying collagenofibrotic nephropathy have not yet been elucidated.
Focal segmental glomerulosclerosis (FSGS), commonly associated with a nephrotic syndrome in humans, is histologically also characterized by glomerular deposition of collagen. Numerous etiologies have been identified for FSGS, such as familial/genetic, virus-associated, and drug-induced forms (49) . In the so-called primary (idiopathic) FSGS, a yet-unidentified circulating permeability factor or factors are suspected. This hypothesis is based on several observations: (a) recurrence of FSGS after renal transplantation, (b) remission of proteinuria after plasmapheresis, and (c) sera of patients with FSGS being able to increase glomerular permeability in vitro and proteinuria in rats. Savin and colleagues were able to identify a FSGS permeability factor (FSPF) mostly consisting of low-molecular anionic glycoproteins, one of which may be cardiotrophin-like cytokine factor 1 (50) (51) (52) . Nevertheless, unequivocal identification of a single factor as the decisive permeability-inducing and disease-causing factor in the FSPF has not yet been established. Therefore, it seems reasonable to assume that several factors interact or act in sequence to induce FSGS, some of which may even act indirectly to induce posttransplantation recurrence without directly influencing permeability, such as sST2 (53) . In addition to the fact that the FSPF(s) are still elusive, the mechanisms of their accumulation in the circulation are so far unknown. As the clinical presentation and histologic alterations in FSGS bear some similarities to the pathology observed in Stab1 -/-Stab2 -/-animals, we hypothesize that a similar mechanism may be operative. Decreased clearance of multiple factors may lead to accumulation of several ligands in the plasma and one or - more likely - several factors in combination may cause glomerular damage resulting in fibrosis. Thus, reduced hepatic blood clearance in Stab1 -/-Stab2 -/-mice offers a potential mechanism for the accumulation of FSPF(s) in primary/idiopathic FSGS.
In summary, we demonstrate here for what we believe is the first time that the stabilin family of scavenger receptors exert important nonredundant physiological functions in vivo. The deficien-cy of both stabilins results in multiple pathologies that may be caused by a circulating factor or factors that evade clearance by LSECs so that both stabilins contribute to tissue homeostasis not only in the liver, but also in other organs. GDF-15, a TGF-β superfamily member, was identified here as a model ligand for such a circulating factor or factors, as it is a common ligand for both stabilins and its clearance is impaired only in the absence of the complete stabilin scavenger receptor system. The circulating factor or factors, however, that singly or in combination may cause glomerulofibrotic nephropathy in Stab1 -/-Stab2 -/-mice remain to be identified. In conclusion, stabilin-1 and -2 together seem to guarantee proper clearance of the peripheral blood from potentially noxious agents and thus contribute to tissue homeostasis throughout the whole body.
Methods
Generation of Stab1 -/-, Stab2 -/-mice. The stabilin-1 and stabilin-2 genes located on mouse chromosomes 14 and 10 are both organized in 69 exons. To generate mice deficient in stabilin-1 and stabilin-2, we decided to target the minimal promoter region as well as the first exon, which contains the start codon. The targeting vectors (Supplemental Figure 1A and Supplemental Figure 2A ) were based on approximately 12-kb genomic fragments flanking the promoter regions of both genes. In the case of stabilin-1, the targeting vector was constructed by placing a loxP site 0.6 kb upstream and a PGK neomycin phosphotransferase (NEO) selection cassette flanked by a loxP sequence 0.4 kb downstream of the first exon (Supplemental Figure 1A) . In the case of stabilin-2, a loxP site flanked by a NEO selection cassette was introduced 1.3 kb upstream and a single loxP sequence was introduced 0.5 kb downstream of the start codon. After transfection of mouse embryonic stem cells (strain 129 S2), several single clones showing homologous recombination of the targeting vector into the appropriate stabilin allele were selected. After generation of chimeric and later on of stabilin-1 and -2 mutant mice, the exon-1 sequences flanked by loxP sites were removed by crossing the stabilin mutants with a cre-deleter mouse strain. Although the loxP sequences within the targeting vector would allow conditional strategies, all mice described in this study were fully deleted (promoter/ exon-1) KO genotypes (Stab1 -/-, Stab2 -/-). Stabilin deficiency was confirmed on the DNA level by Southern blot analysis (see Supplemental Figure 1B and Supplemental Figure 2B) and on the protein level by immunohistochemistry ( Figure 1A) .
As primary mouse strains were generated in a mixed 129 and C57BL/6 genomic background, Stab1 -/-and Stab2 -/-mice were repetitively backcrossed to C57BL/6 and Balb/c inbred animals for at least 10 generations. All animal experiments including gene manipulations were approved by the Medical Ethics Committee II of the Medical Faculty Mannheim of the University of Heidelberg and filed with local authorities (Regierungspräsidium Karlsruhe).
H&E histology and immunohistochemistry. Tissue samples were either fixed in formalin or shock frozen in OCT compound. For H&E, PAS, silver, Kongo red, and Sirius red staining, formalin-fixed, paraffin-embedded samples were processed according to standard protocols. Frozen sections (7 μm) were prepared as described (54) , fixed 5 minutes in −20°C acetone, and air dried. For immunohistochemical staining, tissue sections were rehydrated in PBS, 0.1% Tween 20, blocked in PBS, 1% BSA (Fitzgerald), and incubated for 1 hour with rabbit polyclonal antibodies against stabilin-1 (RS1; ref. 16 ), stabilin-2 (54), collagen I (Acris), collagen III (Acris), collagen IV (Genetex), collagen V (Abcam), or fibronectin (Abcam). After incubation with goat anti-rabbit-HRP (Santa Cruz Biotechnology Inc.), positive staining was visualized by AEC Envision Plus (Dako). The slides were mounted with mounting medium (Dako) and photographed using a Leica microscope equipped with a DM500 digital camera and Openlab-3 software.
Electron microscopy. For liver specimens, the animals were perfused via the aorta and fixed with a cocktail of Ringers solution, 4% dextran, and 3% glutaraldehyde, as described previously (55) . After fixation, the livers were removed and cut into sections of about 0.5 mm thickness with a razor blade. Appropriate specimens of altered liver tissue were selected under the stereomicroscope. From every liver, at least 10 specimens of 2 by 2 mm were cut with a razor blade, postfixed with OsO4, and embedded in Epon 812. Ultrathin sections were stained with uranyl acetate and lead citrate and were examined with a Phillips EM10 electron microscope. For kidney specimens, 1-mm 3 blocks of renal tissue were incubated 48 hours in Kanovsky fixative (2.0% formaldehyde/2.5% glutaraldehyde buffered at pH 7.4 with 0.2 mol/l cacodylate). Samples were embedded in Araldite, and ultrathin sections were contrasted with lead citrate and viewed in an EM 912 (Zeiss).
Determination of blood and urine parameters. Animals of the same genetic background (Balb/c and C57BL/6) and of the same genotype (Stab1 -/-, Stab2 -/-, Stab1 -/-Stab2 -/-and WT control mice) were arranged in groups of 6 to 8 and followed for an observation period of up to 2 years. At the age of 3 months, 6 months, 12 months and, if possible, at 18 months, mice were housed in metabolic cages for 24 hours to collect urine samples. The following parameters were analyzed routinely in urine samples in a Hitachi autoanalyzer: creatinine, urea, and glucose. Sodium, calcium, potassium, and phosphate levels were calculated photometrically (FLM-3; Radiometer). Mouse plasma was collected at the indicated time points and analyzed for the following routine parameters: creatinine, urea, cholinesterase, glucose, cholesterol, triglycerides, AST, ALT, GLDH, and gGT (Hitachi Autoanalyzer). Albumin levels in urine and plasma were determined by ELISA (see below). Protein concentrations were determined with the Bio-Rad protein assay kit (Bio-Rad) with BSA as a standard.
ELISA. Mouse TGF-β1 (Hoelzel Biotech), IGFBP-2 (Mediagnost), PDGF-A (R&D Systems), PDGF-B (R&D Systems), IGF1 (Mediagnost), SPARC, P I NP, P III NP (all Hoelzel Biotech), and fibronectin (AssayPro) levels in mouse plasma as well as HA (R&D Systems) levels in plasma and urine were measured according to the manufacturer's instructions. The albumin concentration in urine and plasma was determined as described previously (56) by use of a competitive 2-step ELISA including chicken anti-rat albumin antibody (Cappel) and a peroxidase-coupled antibody directed against chicken IgG (Sigma-Aldrich).
Yeast 2-hybrid screening. The yeast 2-hybrid screen was performed using the Matchmaker GAL4 Two-Hybrid system (BD Biosciences - Clontech). For bait generation, a fragment of stabilin-1 cDNA corresponding to aa 2302-2570 was amplified by PCR and cloned into the pDNR2 vector followed by subcloning into pLP-GBKT7 using the BD Creator cloning kit (BD Biosciences - Clontech). The bait protein was characterized according to the manufacturer's instructions; it was expressed on a high level, did not activate transcription in yeast, and did not affect the mating efficiency. The pretransformed human placenta Matchmaker cDNA library in the pGADT7-Rec vector, the Yeastmaker Yeast Transformation kit, and plasmid isolation kits were purchased from BD Biosciences - Clontech. Selection conditions of the highest stringency were used.
Endocytosis assay. Endocytosis of fluorescently labeled ligands in CHO cells stably expressing human stabilin-1 and stabilin-2 was performed as previously described (21) . Generation of CHO-stabilin-1 and CHO-vector control cells has been described (15) . The CHO-stabilin-2 cell line was generated as described for the CHO-stabilin-1 cell line using the pLPIRESneo-stabilin-2 expression construct. Purified recombinant human GDF-15 was purchased from R&D Systems and labeled with Alexa Fluor 488 using the Alexa Fluor 488 Protein Labeling Kit (Invitrogen) accord-ing to the protocol of the manufacturer. As a positive control for endocytic activity, acLDL-Alexa Fluor 488 (Invitrogen) was used (data not shown). GDF-15-Alexa Fluor 488 was used at a concentration of 10 μg/ml for the endocytosis assay (30 minutes at 37°C). Cessation of endocytosis was achieved by placing the cells on ice or by immediate fixation in paraformaldehyde as described (19) . For FACS analysis, CHO cells were incubated in culture dishes on ice for 15 minutes and gently recovered in ice-cold PBS. For immunofluorescent analysis, CHO cells were quickly washed 3 times with PBS without Ca 2+ and Mg 2+ and then subjected to fixation in paraformaldehyde.
FACS analysis. Quantification of bound/internalized fluorescent ligands was performed with FACSCalibur (BD Biosciences) according to standard protocols. Data were visualized and analyzed with WinMDI 2.8 software.
Immunofluorescence and confocal microscopy. The following primary antibodies were used: rabbit polyclonal anti-stabilin-1 RS1 (16) and mouse monoclonal anti-stabilin-2 clone 3.1 antibody (57). The corresponding secondary antibodies, conjugated with Cy2, Cy3, and Cy5, were from Dianova. Confocal microscopy was performed using the Leica TCS SP2 laser scanning spectral confocal microscope, equipped with a 63 × 1.32 objective. Excitation was with an argon laser emitting at 488 nm, a krypton laser emitting at 568 nm, and a helium/neon laser emitting at 633 nm. Data were acquired and analyzed with Leica Confocal software. All 2- and 3-color images were acquired by the use of a sequential scan mode.
In vitro protein-protein interactions. GST pull-down assays were performed as described (19) . Fragments of stabilin-1 corresponding to amino acids 2302 to 2570 (Stab1-P9), 2327 to 2463 (Stab1-F7), 385 to 644 (Stab1-F1-F2), and 1606 to 1867 (Stab1-F5-F6) and of stabilin-2 corresponding to amino acids 2293 to 2459 (Stab2-F7) were cloned into the EcoRI/XhoI sites of the pGEX4T1 vector (Invitrogen). GST-fused proteins were expressed in E. coli strain BL21-CodonPlus-RIL (Stratagene) and purified under nondenaturing conditions. PcDNA3-GDF-15 was used as a template to generate 35 S-methionine-labeled proteins by in vitro translation according to the standard protocol (Promega).
GDF-15 clearance. A total of 5 μg recombinant human GDF-15 (carrier free variant; R&D Systems) in 200 μl PBS was injected intravenously in agematched 12- to 15-week-old Balb/c WT and Balb/c Stab1 -/-Stab2 -/-mice. Li-Heparin plasma samples were collected at 5 hours after injection from the retrobulbar area. GDF-15 levels were determined with an immunoluminometric assay, as previously described (37) .
Kidney transplantation. Kidneys from 7-week-old C57BL/6 Stab1 -/-Stab2 -/-donor mice were transplanted into age-matched C57BL/6 WT mice as described (58) (n = 3). For isograft controls C57BL/6 donor kidneys were transplanted into C57BL/6 recipient mice (n = 3). Briefly, the right kidney attached to a segment of the aorta and of the renal vein along with the ureter was removed en bloc. The donor aorta and inferior vena cava were then anastomosed end-to-side to the recipient abdominal aorta and inferior vena cava below the level of the native renal vessels, respectively. The native left kidney was removed before revascularization. Donor and recipient ureter were anastomosed end-to-end at the border of the renal pelvis. The native right kidney was immediately removed after grafting. Animals did not receive any immunosuppressive therapy. Grafts were explanted and processed on posttransplantation day 56. For histology, graft samples and control samples were fixed in buffered 4% formaldehyde and embedded in paraffin.
Statistics. SigmaPlot 11 software was used to perform either t test or 1-way ANOVA. P < 0.05 was considered statistically significant. Error bars show the SEM of each experiment.
